Abstract: It is of significant value to understand the unsteady hydraulic features and pressure pulsation transmission path in the flow channel through a turbine for providing technical support for turbine design and optimization, as well as laying a foundation for analysis of the stability and the coupled vibration of the hydropower house. In this paper, a three-dimensional mechanics-hydraulics-concrete structure coupled numerical model was established to accurately simulate Francis hydraulic machinery, including the high-rotating turbine runner and fixed guide vane, the unsteady flowing water, the structure of the entire flow channel, as well as the dynamic interaction between them. Turbulent hydraulic features of flow condition and pressure pulsation in design operation were explored using the detached eddy simulation (DES) turbulence model. Then, a novel method was proposed to identify the fluid pressure pulsation transmission path based on the time-delayed transfer entropy method and wavelet theory. On basis of time and frequency analysis of pressure calculation results, investigation into identification of pressure pulsation transmission path was performed using the method of traditional transfer entropy and the method adopted in this paper. The pressure pulsation transmission features in the entire flow channel were revealed during operation of the large-scale Francis turbine. The research method and results could not only lay a basis for exploring the structural vibration regularity of the hydropower house but also provide a scientific reference for vibration reduction design of the hydropower house.
Introduction
Hydropower, one of the renewable and alternative energy sources for electricity generation, is becoming increasingly favorable with the installed unit capacity steadily increasing. The complex and changeable flow condition in hydraulic turbine, the core component in hydropower generation, including Karman vortices formed around the stay vanes, guide vanes or runner blades, and procession of vortex core in the draft tube, is responsible for hydraulic vibration in the hydropower station. Accurate and detailed description of internal flow condition and vibration features of structural components using computational fluid dynamics (CFD), computational structure dynamics (CSD), and fluid-structure interaction (FSI) guarantees successful design of high-performance hydraulic turbines. Therefore, it is of great significance to fully understand the flow characteristics in the flow channel through turbine and the dynamic interaction between the turbulence flow and the flow passing components for performance prediction and design optimization of hydraulic turbines. 2 of 17 CFD and CSD are considered as reliable and economic tools to analyze the performance of the turbines. Investigations have been performed for analysis of flow features in hydraulic machinery for a long time [1] . Arispe et al. [2] carried out CFD analysis of turbine performance with different draft tube geometries at the best efficiency point (BEP). The numerical results were compared with the experimental results of the reduced model corresponding to the GAMM (Gesellschaft für Angewandte Mathematik und Mechanik/Society of Applied Mathematics and Mechanics) Francis turbine. Trivedi et al. [3] investigated pressure pulsations on two prototype Francis turbines at five operating points based on statistical analysis, spectral analysis, coherence, and cross-correlation between the signals. Li et al. [4] conducted CFD analysis of the pressure pulsations in a prototype pump-turbine in turbine mode with different blade numbers. Mössinger et al. [5] investigated axial velocity distribution and pressure pulsations in the turbine during two load changes and turbine shutdown processes. Chalghoum et al. [6] analyzed the effect of the impeller diameter and number of blades on the pressure evolution in a centrifugal pump during startup process. Goyal et al. [7] discussed the flow features in a high head model Francis turbine at part load operation and found the rotating vortex rope in the draft tube caused severe fluctuations and vibrations of the draft tube.
FSI is the present-day state-of-art technique, which has increased applications in complicated hydraulic mechanical engineering. Xiao et al. [8] conducted one-way FSI analysis of flow field and static and dynamic stress in the runner of a Francis turbine and concluded that dynamic stress was a main contributor to fatigue and cracks of the blade during off-design operation. Two-way coupled FSI could consider the feedback of the blade deflection on the flow by conducting iterations between fluid and solid system. Frederick et al. [9] calculated the dynamic behavior of a Francis turbine runner under operating condition based on the two-way FSI method introduced by ANSYS (Analysis Systems) software.
Current studies of the Francis turbine mainly focus on the internal flow features, attaching little attention to the transmission path of the fluid pressure pulsation. Hydraulic vibration, as one of the most important vibration sources, plays a vital role in analysis of the coupled vibration of the hydropower house, with the potential of generating significant pulsations to threaten the safety of the powerhouse. It is of great significance to understand the regularity and transmission path of fluid pressure pulsation for guidance of safety, stability, and vibration attenuation during the unit operation.
Time-delayed transfer entropy emerged from information entropy, which was proposed by Shannon and introduced into information theory to measure information uncertainty. As an asymmetric measurement defined by Schreiber in 2000, transfer entropy contains directional and dynamic information based on definition of transition probabilities and has been well applied in the energy transfer between different information flows [10, 11] . Without assuming any model in advance, transfer entropy is sensitive to the relationship of any order between systems [10] , which is important to exploring the unknown nonlinear correlation. Therefore, in this paper, the time-delayed transfer entropy is introduced into the analysis of the pressure pulsation transmission path in a hydropower house.
Known as a mathematical microscope, wavelet transform is a window-adaptive time-frequency analysis method, with an automatically narrow time window at high frequency information and wide time window at low frequency information, which makes wavelet transform render higher time resolution and lower frequency resolution at high frequency information and higher frequency resolution and lower time resolution at low frequency information. Wavelet transform helps to identify the information transmission direction by extracting a single frequency component from the complex pulsation frequency components of hydraulic vibration sources.
In this paper, with currently the largest unit capacity of 800 MW in China, a three-dimensional hydraulic machinery-fluid flow-concrete structure coupled model of the Xiangjiaba hydropower house was established to perform a realistic dynamic interaction between the high-speed rotating turbine runner and the unsteady turbulent flow. Hydraulic features were accurately analyzed based on the SA-DES (Spalart-Allmaras detached eddy simulation) method and two-way iterative FSI solver as in-house codes in ADINA (Automatic Dynamic Incremental Nonlinear Analysis) software, including flow condition and pressure pulsation in the entire flow channel through a Francis turbine during design operation, which lays a firm foundation for correct identification of the pressure pulsation transmission path. Based on the self-programming code in MATLAB software, the traditional transfer entropy method and the combined transfer entropy-wavelet method adopted in this paper were compared for identifying pressure pulsation transmission direction, and the rationality and effectiveness of the proposed method were confirmed. The research results not only reveal the transmission path of pressure pulsation in the entire flow channel of the hydropower house but also render important guidance and engineering application prospects for design optimization and hydraulic performance evaluation of the Francis turbine, as well as laying a firm basis for studying the structural vibration regularity of the hydropower house.
Basic Theory and Numerical Model

Basic Equations
The SA-DES turbulence model was applied into unsteady turbulence treatment and better prediction of the pressure pulsation using ADINA software. Derived from the SA one-equation eddy-viscosity RANS (Reynolds-averaged Navier-Stokes) model, SA-DES combines the advantages of large eddy simulation (LES) and the RANS method and could simulate the large-scale turbulent pulsations accompanied by the precession of vortex in hydraulic machinery economically and reliably [12, 13] . The one-equation DES turbulence model is expressed below [14] [15] [16] :
where υ is the working variable in the order of the molecular viscosity. The model coefficients are given
, c ν1 = 7.1.
As the switch function of the LES-SGS (large eddy simulation -sub-grid scale) and RANS turbulence model, d DES is described in the form of Equation (2):
where d is the nearest distance to the wall and ∆ max is the maximum local grid size, C DES = 0.65. On the basis of built-in features in ADINA software, both the kinematic and the dynamic condition are applied to the fluid-solid coupling interface to obtain compatible traction and displacement [17] . Corresponding equations are expressed as follows:
where d f and d s are, respectively, the fluid and solid displacements. τ f and τ s are the fluid and solid stresses, respectively. The underlining denotes that the values are defined only on the fluid-structure interfaces.
Transfer entropy was employed for identification of pressure pulsation path using MATLAB software. It focuses on quantification of the additional information from one state variable to the other's transition probabilities. If the dynamic probabilities of a process x at time of n + 1 is conditional only on previous k values, the process is called a kth-order Markov process [18, 19] . The mathematic description of this transition probability is p(x(n + 1)|x(n), x(n − 1), . . . , x(n − k + 1)) = p(x(n + 1)|x(n) (k) ) = p(x(1)|x(k)). Note the n is omitted for convenience. Considering the influence of another process y(m) (l) on these transition probabilities, the expression of coupling influence of both x(n) (k) and y(n) (l) on x(n + 1) is p(x(1)|x(k), y(l)). The transfer entropy can be formulated as below [20] :
According to this equation, very high-dimensional probability densities must be solved before obtaining the transfer entropy, resulting in plenty of calculation cost. One-order of the processes (k = l = 1) has been adopted in previous studies to solve the transfer entropy for simplicity [21, 22] . Together with a time delay τ added to y(n), Equation (5) can be rewritten as Equation (6) , and the result can be referred to as the time-delayed transfer entropy:
where y(τ) ≡ y(n + τ). The assumption of order k = l = 1 quantifies the information gain from y(τ) only.
Nevertheless, the resulting transfer entropy will not be zero if the information of process x presents within its own past history, like y = x. In practice, due to the complicated vibration frequency components in original signals, the calculated curves of the time-delayed transfer entropy between two adjacent measuring points might be overlapped, which makes it hard to identify the vibration transmission direction. Wavelet transform could tackle this problem by extracting the time series with the specific frequency component from the original data. The combined wavelet and time-delayed transfer entropy for two stable Markov processes x and y with the scale factor a and the time delay τ is written in Equation (7):
p(wx(a, 1), wx(a), wy(a, τ)) log 2 p(wx(a,1)|wx(a),wy(a,τ)) p(wx(a,1)|wx(a)) dwx(a, 1)dwx(a)dwy(a, τ)
where wx(a) is the wavelet transform of x at scale factor a. Using wavelet transform, the characteristic frequencies can be extracted from the original vibration signal. Hence, the direction of information transmission can be effectively identified on the basis of calculating the time-delayed transfer entropy of the newly obtained signal.
Numerical Simulation Model
A large-scale 3D fluid-concrete structure-hydraulic machinery coupled geometric model was established based on the Xiangjiaba hydropower house owning the currently largest installed capacity of 800 MW in China, including simulations of the concrete structure of the hydropower house, mechanical structure of the hydraulic turbine, generator, upper and lower bracket, and the entire water flow inside the flow channel, as shown in Figure 1a . Simulation of the vibration energy transmission path allowed fluid pressure pulsation to transmit from the rotating runner blades to downstream and upstream components and also represented the dynamic mutual impact of transient pressure pulsation propagating among these sections. Figure 1b displays the computational model of the entire fluid domain through the turbine. The number of runner blades was 15, and the number of guide vanes was 24. The rated rotational speed of the hydraulic turbine was 75 rpm, and the specific speed was 213.7. This turbine was a medium-head turbine with a rated head H of 100 m. A uniform velocity was applied to the inlet in terms of the flow rate, and outflow was set as the outlet boundary condition. The solid geometric model and 3D structural grids are shown in Figure 3 . Both the concrete structure, including the turbine floor, dynamo floor, draft tube block structure, sidewall, and roof, and the mechanical structure, including the runner, axis and rotor, upper and lower bracket, and stay and guide vane, are simulated in this research. The solid domain is composed of 187,636 elements and 136,752 grid nodes. The solid geometric model and 3D structural grids are shown in Figure 3 . Both the concrete structure, including the turbine floor, dynamo floor, draft tube block structure, sidewall, and roof, and the mechanical structure, including the runner, axis and rotor, upper and lower bracket, and stay and guide vane, are simulated in this research. The solid domain is composed of 187,636 elements and 136,752 grid nodes. The solid geometric model and 3D structural grids are shown in Figure 3 . Both the concrete structure, including the turbine floor, dynamo floor, draft tube block structure, sidewall, and roof, and the mechanical structure, including the runner, axis and rotor, upper and lower bracket, and stay and guide vane, are simulated in this research. The solid domain is composed of 187,636 elements and 136,752 grid nodes. The solid geometric model and 3D structural grids are shown in Figure 3 . Both the concrete structure, including the turbine floor, dynamo floor, draft tube block structure, sidewall, and roof, and the mechanical structure, including the runner, axis and rotor, upper and lower bracket, and stay and guide vane, are simulated in this research. The solid domain is composed of 187,636 elements and 136,752 grid nodes. A simultaneous calculation was performed using the two-way iterative FSI method with the CFD solver based on the finite volume method (FVM) in fluid domain and CSD solver based on the finite element method (FEM) in solid domain. In the fluid domain model, sliding mesh boundary conditions were adopted to connect rotating domains to ensure the compatibility and continuity along the nonconforming interfaces. The FSI boundary condition was imposed on the entire interfaces between the fluid and solid model, including the interfaces between the entire water flow and the surrounding concrete, water and the rotating blades, water and the stay vanes, and water and the guide vanes. The second-order upwind scheme was applied to the governing equations of the fluid part to ensure the stability of the calculation process. In equation residual, mass convergence criteria were adopted with a tolerance of 0.0001, while in variable residual, both velocity and pressure convergence criteria were adopted, and the tolerance was 0.001. The equations were required to be converged at every time step after iteration. The total calculation time was set as 8 s, with a time step of 0.002222 s, corresponding to 1 • of the runner rotation.
Transient Hydraulic Features in Fluid Domain
Since pressure pulsation is an external manifestation of hydraulic stability, it is of guiding significance to study pressure pulsation in the flow field of hydraulic turbines and capture its time-frequency characteristics in order to understand the evolution law of the flow field and the hydraulic stability.
In this section, since the pressure pulsation amplitude was much smaller than the static pressure value, the static pressure was eliminated from the original nodal pressure by employing pressure pulsation coefficient C p . The equation of C p is as follows:
where p is the static pressure; p is the average static pressure of one rotational cycle of blades; ρ is the water density; and u is the peripheral velocity of blade tip. In order to analyze the time and frequency features of the pressure fluctuation, as well as its transmission law in the flow field, measuring points F01-F09 were placed at positions of spiral casing, between the stay ring and guide vane, vaneless region, 0.3 D straight cone section of draft tube, elbow section of draft tube, and diffusion section of draft tube, respectively, and the distribution of the nine measuring points is shown in Figure 4 . These measuring points were placed only in the fluid region during the numerical process rather than physical measurements. Note the methodology of both transfer entropy and wavelet theory has no direct correlation with the positions of selected points, since one of the advantages of the proposed methodology is flexibility and can be applied to the points of any position.
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Hydraulic Features of the Flow Field in the Spiral Casing and Vaneless Region
Spiral casing serving as an important diversion component of the Francis turbine is responsible for guiding the water to generate circular motion and uniform and axial symmetrical flow condition before flowing into the overflow components. Since the water flows into the high-speed rotating runner directly after flowing through the stay and guide vanes, the guide vane is the key to guiding water to form a certain velocity moment and enter the runner in a proper direction. Figure 5 shows the velocity and pressure contour with streamline distribution in the spiral casing and vaneless region during design operation. The streamlines were continuous and smooth in the channel, and the distribution of velocity and pressure was symmetrically circumferential. The velocity increased gradually with the decrease of the radial flow section. The pressure decreased along the radial direction, with a value of about 1.0 MPa in the spiral casing. The pressure transition was smooth without obvious sudden changes. Calculation results indicated that the inflow in the circumferential direction was symmetrical enough to retain a uniform flow, and the design of the spiral casing was reasonable. The direction of the nodal pressure damping was from spiral casing to the guide vane and would be compared with the identified pulsation transmission direction in the next section. Spiral casing serving as an important diversion component of the Francis turbine is responsible for guiding the water to generate circular motion and uniform and axial symmetrical flow condition before flowing into the overflow components. Since the water flows into the high-speed rotating runner directly after flowing through the stay and guide vanes, the guide vane is the key to guiding water to form a certain velocity moment and enter the runner in a proper direction. Figure 5 shows the velocity and pressure contour with streamline distribution in the spiral casing and vaneless region during design operation. The streamlines were continuous and smooth in the channel, and the distribution of velocity and pressure was symmetrically circumferential. The velocity increased gradually with the decrease of the radial flow section. The pressure decreased along the radial direction, with a value of about 1.0 MPa in the spiral casing. The pressure transition was smooth without obvious sudden changes. Calculation results indicated that the inflow in the circumferential direction was symmetrical enough to retain a uniform flow, and the design of the spiral casing was reasonable. The direction of the nodal pressure damping was from spiral casing to the guide vane and would be compared with the identified pulsation transmission direction in the next section. The frequency domain diagram shows that the main frequency components of pressure pulsation were: 15f n , 30f n , and 45f n , which indicated that pressure fluctuation in spiral casing and vaneless region was mainly affected by the blades' rotation. Spiral casing serving as an important diversion component of the Francis turbine is responsible for guiding the water to generate circular motion and uniform and axial symmetrical flow condition before flowing into the overflow components. Since the water flows into the high-speed rotating runner directly after flowing through the stay and guide vanes, the guide vane is the key to guiding water to form a certain velocity moment and enter the runner in a proper direction. Figure 5 shows the velocity and pressure contour with streamline distribution in the spiral casing and vaneless region during design operation. The streamlines were continuous and smooth in the channel, and the distribution of velocity and pressure was symmetrically circumferential. The velocity increased gradually with the decrease of the radial flow section. The pressure decreased along the radial direction, with a value of about 1.0 MPa in the spiral casing. The pressure transition was smooth without obvious sudden changes. Calculation results indicated that the inflow in the circumferential direction was symmetrical enough to retain a uniform flow, and the design of the spiral casing was reasonable. The direction of the nodal pressure damping was from spiral casing to the guide vane and would be compared with the identified pulsation transmission direction in the next section. 
Hydraulic Features of the Flow FIeld in the Runner
Analysis of the flow pattern in the runner plays a decisive role because the runner is the core overflow component for energy conversion. Figure 7 gives the contour of velocity and pressure in the flow field of the runner. The velocity and pressure distribution in the flow-driven rotating runner was periodically symmetric, with relatively ideal distribution of the pressure at the runner inlet. The pressure on the pressure side of the blade was higher, but on the suction side, larger negative pressure occurred, reaching about −0.2 MPa, which could easily cause blade cavitation. The relative flow direction of the water changed under the restriction of the blades when the water entered into the runner chamber. At the same time, the water tried to keep the original flow direction and resisted the restriction of blades due to the motion inertia. Under these two conditions, the mechanical energy of the flowing water can be transformed into that of the rotating runner. Analysis of the flow pattern in the runner plays a decisive role because the runner is the core overflow component for energy conversion. Figure 7 gives the contour of velocity and pressure in the flow field of the runner. The velocity and pressure distribution in the flow-driven rotating runner was periodically symmetric, with relatively ideal distribution of the pressure at the runner inlet. The pressure on the pressure side of the blade was higher, but on the suction side, larger negative pressure occurred, reaching about −0.2 MPa, which could easily cause blade cavitation. The relative flow direction of the water changed under the restriction of the blades when the water entered into the runner chamber. At the same time, the water tried to keep the original flow direction and resisted the restriction of blades due to the motion inertia. Under these two conditions, the mechanical energy of the flowing water can be transformed into that of the rotating runner. The time and frequency domain diagram of Cp at the measuring point F04 is illustrated in Figure 8 . It is clearly seen that the pressure in the runner chamber fluctuated regularly with the higher pulsation amplitude. Frequency domain analysis in Figure 8b shows that the main frequency components were multiple frequencies of the blades passing frequency 15fn, which indicated the runner chamber was greatly influenced by the blades' rotation. 
Hydraulic Features of the Flow Field in the Draft Tube
The draft tube is mainly responsible for draining water downstream and recovering partial energy of the flow at the runner outlet, and its type and size can greatly influence the efficiency and stability of the turbine. The flow condition in the elbow section of the draft tube is more complex. Secondary flow may occur when water flows along a vertical straight cone to the elbow and horizontal diffusion section, with nearly 90 degrees turning. At the same time, the diffusing, shrinking, and re-diffusing cross-section of the draft tube along the flow direction may result in uneven distribution of water flow together with local vortices and reflux. Therefore, it is necessary to analyze the flow field and pressure in the draft tube. The time and frequency domain diagram of C p at the measuring point F04 is illustrated in Figure 8 . It is clearly seen that the pressure in the runner chamber fluctuated regularly with the higher pulsation amplitude. Frequency domain analysis in Figure 8b shows that the main frequency components were multiple frequencies of the blades passing frequency 15f n , which indicated the runner chamber was greatly influenced by the blades' rotation. Analysis of the flow pattern in the runner plays a decisive role because the runner is the core overflow component for energy conversion. Figure 7 gives the contour of velocity and pressure in the flow field of the runner. The velocity and pressure distribution in the flow-driven rotating runner was periodically symmetric, with relatively ideal distribution of the pressure at the runner inlet. The pressure on the pressure side of the blade was higher, but on the suction side, larger negative pressure occurred, reaching about −0.2 MPa, which could easily cause blade cavitation. The relative flow direction of the water changed under the restriction of the blades when the water entered into the runner chamber. At the same time, the water tried to keep the original flow direction and resisted the restriction of blades due to the motion inertia. Under these two conditions, the mechanical energy of the flowing water can be transformed into that of the rotating runner. The time and frequency domain diagram of Cp at the measuring point F04 is illustrated in Figure 8 . It is clearly seen that the pressure in the runner chamber fluctuated regularly with the higher pulsation amplitude. Frequency domain analysis in Figure 8b shows that the main frequency components were multiple frequencies of the blades passing frequency 15fn, which indicated the runner chamber was greatly influenced by the blades' rotation. 
The draft tube is mainly responsible for draining water downstream and recovering partial energy of the flow at the runner outlet, and its type and size can greatly influence the efficiency and stability of the turbine. The flow condition in the elbow section of the draft tube is more complex. Secondary flow may occur when water flows along a vertical straight cone to the elbow and horizontal diffusion section, with nearly 90 degrees turning. At the same time, the diffusing, shrinking, and re-diffusing cross-section of the draft tube along the flow direction may result in uneven distribution of water flow together with local vortices and reflux. Therefore, it is necessary to analyze the flow field and pressure in the draft tube. 
The draft tube is mainly responsible for draining water downstream and recovering partial energy of the flow at the runner outlet, and its type and size can greatly influence the efficiency and stability of the turbine. The flow condition in the elbow section of the draft tube is more complex. Secondary flow may occur when water flows along a vertical straight cone to the elbow and horizontal diffusion section, with nearly 90 degrees turning. At the same time, the diffusing, shrinking, and re-diffusing The flow condition and pressure contour distribution in the draft tube is illustrated in Figure 9 . After flowing through the high-speed rotating runner, the water entered the straight cone section of the draft tube at a higher speed and then decreased gradually along the flow direction. The streamlines inside the draft tube were basically smooth. Higher pressure occurred at the outer side of the elbow, and lower pressure occurred at the inner side. The distribution of velocity and pressure was more uniform in the diffuser section of the draft tube. The flow condition and pressure contour distribution in the draft tube is illustrated in Figure 9 . After flowing through the high-speed rotating runner, the water entered the straight cone section of the draft tube at a higher speed and then decreased gradually along the flow direction. The streamlines inside the draft tube were basically smooth. Higher pressure occurred at the outer side of the elbow, and lower pressure occurred at the inner side. The distribution of velocity and pressure was more uniform in the diffuser section of the draft tube. Measuring point F05 was placed at the 0.3 D straight cone section of the draft tube according to the IEC standard. Figure 10 shows the time and frequency domain graph of Cp at the measuring points F05~F09 in the draft tube. The first main frequency of Cp at the measuring points F05, F06, and F07 was 30fn, twice blades passing frequency, which indicated that the pressure fluctuation in the draft tube was greatly affected by periodically rotating blades. Low frequency pressure pulsation existed at the measuring points F08 and F09 near the outlet with merely small amplitude. 
Comparison with the In-Site Data
Three measuring points were chosen and respectively placed at the head cover, vaneless region, and bottom ring to validate the simulation results against the in-site data. Table 1 shows the comparison of the calculated and in-site peak to peak values of the relative pressure pulsations with 97% confidence for different measuring points. The computed ΔH/H was slightly overestimated at the vaneless region, while the relative pressure pulsation at the head cover and bottom ring was slightly lower than the in-site data. Overall, calculated amplitudes of the pulsations agreed well with the in-site data, which provided a reliable basis for analyzing the pressure pulsation transmission path. Measuring point F05 was placed at the 0.3 D straight cone section of the draft tube according to the IEC standard. Figure 10 shows the time and frequency domain graph of C p at the measuring points F05~F09 in the draft tube. The first main frequency of C p at the measuring points F05, F06, and F07 was 30f n , twice blades passing frequency, which indicated that the pressure fluctuation in the draft tube was greatly affected by periodically rotating blades. Low frequency pressure pulsation existed at the measuring points F08 and F09 near the outlet with merely small amplitude. The flow condition and pressure contour distribution in the draft tube is illustrated in Figure 9 . After flowing through the high-speed rotating runner, the water entered the straight cone section of the draft tube at a higher speed and then decreased gradually along the flow direction. The streamlines inside the draft tube were basically smooth. Higher pressure occurred at the outer side of the elbow, and lower pressure occurred at the inner side. The distribution of velocity and pressure was more uniform in the diffuser section of the draft tube. Measuring point F05 was placed at the 0.3 D straight cone section of the draft tube according to the IEC standard. Figure 10 shows the time and frequency domain graph of Cp at the measuring points F05~F09 in the draft tube. The first main frequency of Cp at the measuring points F05, F06, and F07 was 30fn, twice blades passing frequency, which indicated that the pressure fluctuation in the draft tube was greatly affected by periodically rotating blades. Low frequency pressure pulsation existed at the measuring points F08 and F09 near the outlet with merely small amplitude. 
Three measuring points were chosen and respectively placed at the head cover, vaneless region, and bottom ring to validate the simulation results against the in-site data. Table 1 shows the comparison of the calculated and in-site peak to peak values of the relative pressure pulsations with 97% confidence for different measuring points. The computed ΔH/H was slightly overestimated at the vaneless region, while the relative pressure pulsation at the head cover and bottom ring was slightly lower than the in-site data. Overall, calculated amplitudes of the pulsations agreed well with the in-site data, which provided a reliable basis for analyzing the pressure pulsation transmission path. 
Three measuring points were chosen and respectively placed at the head cover, vaneless region, and bottom ring to validate the simulation results against the in-site data. Table 1 shows the comparison of the calculated and in-site peak to peak values of the relative pressure pulsations with 97% confidence for different measuring points. The computed ∆H/H was slightly overestimated at the vaneless region, while the relative pressure pulsation at the head cover and bottom ring was slightly lower than the in-site data. Overall, calculated amplitudes of the pulsations agreed well with the in-site data, which provided a reliable basis for analyzing the pressure pulsation transmission path. 
Pressure Pulsation Transmission Path in the Fluid Flow
Hydraulic vibration is the main vibration source in the hydropower house. The transmission of transient pressure pulsation caused by dynamic interaction between fluid and solid plays a basically important role in the analysis of the structural vibration transmission path in the hydropower house. In this section, the transmission direction of the pressure pulsation was analyzed and the pressure pulsation transmission path in fluid domain was identified, which lays a foundation for investigation into the coupled vibration of the hydropower house.
Case Study
The transmission direction of the pressure pulsation can be judged by the value of transfer entropy. According to the physical meaning of time-delayed transfer entropy, the transfer entropy in the positive direction of information transmission is larger than that in the negative direction. For a specific combination of two measuring points, if T(i + 1→i) is larger than T(i→i + 1) at most time delays, considering the phase difference between the curves, we can conclude the information transfers from measuring point i + 1 to i.
In order to demonstrate the effectiveness of the programming codes of the time-delayed transfer entropy, a case of information transfer identification was performed by reference to [23] . Two sequences A and B were given on the basis of sine and cosine with the description of A = 0.2sin(2πf 1 t) + cos(2πf 2 t), B = µA + 0.1cos(2πf 1 t)cos(2πf 2 t) − cos(2πf 1 t). µ was utilized as an index to measure the correlation degree between the two sequences and was given a value of 0.8 to compare the results. It is obviously inferred from the formulas of the two sequences that A is a component of B. Hence, we can test the sensitivity of time-delayed transfer entropy in terms of directivity. Figure 11 shows the calculation results using time-delayed transfer entropy and the time-delayed mutual information method. It can be intuitively inferred from Figure 11a that the information was transmitted from A to B, which conforms to the actual situation. However, the two curves calculated by the mutual information method overlapped with each other, and the directivity of information transmission cannot be detected. This comparison highlights the superiority of using time-delayed transfer entropy methodology. 
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Case Study
In order to demonstrate the effectiveness of the programming codes of the time-delayed transfer entropy, a case of information transfer identification was performed by reference to [23] . Two sequences A and B were given on the basis of sine and cosine with the description of A = 0.2sin(2πf1t) + cos(2πf2t), B = μA + 0.1cos(2πf1t)cos(2πf2t) − cos(2πf1t). μ was utilized as an index to measure the correlation degree between the two sequences and was given a value of 0.8 to compare the results. It is obviously inferred from the formulas of the two sequences that A is a component of B. Hence, we can test the sensitivity of time-delayed transfer entropy in terms of directivity. Figure 11 shows the calculation results using time-delayed transfer entropy and the time-delayed mutual information method. It can be intuitively inferred from Figure 11a that the information was transmitted from A to B, which conforms to the actual situation. However, the two curves calculated by the mutual information method overlapped with each other, and the directivity of information transmission cannot be detected. This comparison highlights the superiority of using time-delayed transfer entropy methodology. 
Pulsation Transmission Path Identification Based on Original Data
Measuring points were pairwise combined according to the distance between them along the flow direction. Time-varying pressure pulsation of the measuring points in each combination was obtained based on the FSI calculation results under the design operation, and the original nodal pressure data were substituted into Equation (6) to calculate the time-delayed transfer entropy T(i + 1→i) and T(i→i + 1). Figure 12 shows the time-delayed transfer entropy curve of the measuring points. Obviously identified transmission direction of pressure pulsation was as follows: measuring point F04 at the runner → measuring point F03 at the runner inlet, measuring point F05 at the 0.3 D straight cone section of the draft tube → measuring point F06 at the 1.0 D straight cone section of the draft tube → measuring point F07 at the elbow section of the draft tube → measuring point F08 at the diffusion section of the draft tube → measuring point F09 at the diffusion section of the draft tube. The pressure pulsation transmission path is presented in Figure 13 .
The calculation results of the time-delayed transfer entropy of measuring points F03 and F04 render obvious different values among the results of all the fluid measuring points, shown in Figure 12c . From the curve, we can see T(4→3) is obviously larger than T(3→4), which indicates a clear transmission direction of pressure pulsation from the runner to the runner inlet. The identified pressure transmission direction is not exactly consistent with the original nodal pressure damping direction, which means the constant static pressure may be irrelevant in identifying the pressure transmission direction using the proposed method. The pressure transmission direction in the draft tube conformed to the actual regularity. After water flowed into the draft tube through a high-speed rotating runner, the pressure pulsation generated in the straight cone section of the draft tube propagated downstream along the flow direction and produced a relatively weak pulsation in the elbow section of the draft tube. The influence of the pressure pulsation in the diffusion section of the draft tube on the flow field in the straight cone and elbow section was small due to the long distance to the vibration source. Therefore, the transmission direction of the pressure pulsation in the draft tube was from the straight cone section to the elbow section, and then to the diffusion section of the draft tube. In fact, the axisymmetric small-disturbance standing waves were generated in the swirling flow of the turbine runner [24] , which will propagate both upstream against the flow direction and downstream along the flow direction.
It is noteworthy that the transmission direction between the runner and the straight cone section of the draft tube was not clear, which lay in the complex flow pattern at the runner outlet. When water flowed through the high-speed rotating runner into the draft tube, a vortex would be generated in the draft tube, which caused the fluid pressure pulsation and coupled vibration of the hydropower house. The pressure pulsations caused by the vortex rope in the draft tube interacted with that caused by the rotation of the runner, and the transmission path between the two positions was difficult to identify. In addition, the calculation curves of the time-delayed transfer entropy of adjacent points F01 and F02, and F02 and F03 were overlapped, which made it hard to identify the absolute relationship. This result was associated with the flow direction and the relative position to the runner and also illustrated that the pressure pulsation transmission of the hydraulic vibration source of the hydropower house was the mutual result of multiple transmission signals. Wavelet analysis can be conducted for further identification of the transmission direction of the pressure pulsation.
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(a) (b) (g) (h) Figure 12 . Time-delayed transfer entropy curve of the original fluid pressure pulsation. Transfer entropy between measuring points F01 and F02 (a), F02 and F03 (b), F03 and F04 (c), F04 and F05 (d), F05 and F06 (e), F06 and F07 (f), F07 and F08 (g), and F08 and F09 (h). 
Pulsation Transmission Path Identification Based on Wavelet Transform Method
Wavelet theory was adopted to extract the single frequency component of the time-varying pressure of the measuring points to further analyze the transmission regularity. Based on the 
Wavelet theory was adopted to extract the single frequency component of the time-varying pressure of the measuring points to further analyze the transmission regularity. Based on the calculated FFT (fast Fourier transform) results, the characteristic frequency of the pressure pulsation of the measuring points was blades passing frequency 15f n (18.75 Hz) multiple times. Therefore, the time history of the pressure values of a single frequency component 18.75 Hz was extracted from the original calculation data using the wavelet transform method, and then time-delayed transfer entropy was calculated to identify the pulsation transmission direction of the single frequency component between the measuring points. Figure 14 illustrates the calculation results of the time-delayed transfer entropy of fluid pressure pulsation of characteristic frequency 18.75 Hz for the same measuring points. Stronger transmission directionality was detected between the measuring points compared with the calculation results of the original time-varying pressure data. The recognized pressure transmission path of single frequency f = 18.75 Hz was as follows: measuring point F01 at the spiral casing ← measuring point F02 between the stay vane and guide vane ← measuring point F03 at the runner inlet ← measuring point F04 at the runner → measuring point F05 at the 0.3 D straight cone section of the draft tube → measuring point F06 at the 1.0 D straight cone section of the draft tube → measuring point F07 at the elbow section of the draft tube → measuring point F08 at the diffusion section of the draft tube → measuring point F09 at the diffusion section of the draft tube.
Every curve presented in Figure 14 renders five wave crests and troughs, which may be ascribed to the characteristic frequency 18.75 Hz adopted in the wavelet transform method. Compared to the calculation results of the time-delayed transfer entropy based on original data, the transmission direction between measuring points F01 and F02, and F02 and F03 was more evident to identify based on a combination of the wavelet theory and time-delayed transfer entropy method. However, for the measuring points groups F07 and F08, and F08 and F09, the transmission direction was difficult to distinguish due to the prominent low frequency component at measuring points F08 and F09. Although the influence of the blades passing frequency has been greatly weakened, weak pulsation transmission information can also be identified from Figure 14g ,h. The identified pressure pulsation transmission path is shown in Figure 15 .
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Conclusions
This paper established and explored a three-dimensional mechanics-hydraulics-concrete structure coupled numerical model of a Francis hydropower house. Calculation of an unsteady turbulent flow field in the entire flow channel during design operation was carried out using the DES turbulence model and two-way iterative FSI method. Analysis of spatial distribution features of transient velocity, pressure, and streamlines was performed, and time and frequency domain analysis of the pressure pulsation of typical measuring points was conducted. A method for identifying the fluid pressure pulsation transmission path was proposed using the self-programming code in MATLAB software based on the time-delayed transfer entropy method and wavelet theory. The effects of the traditional transfer entropy method and the method proposed in this paper on identifying the fluid pressure pulsation transmission path were studied and compared, and the pressure pulsation transmission law in the entire channel through the Francis turbine was revealed. The proposed methodology was applied to the pulsation transmission analysis of a Francis turbine operating at the BEP in this study. For other types of turbine operating 
This paper established and explored a three-dimensional mechanics-hydraulics-concrete structure coupled numerical model of a Francis hydropower house. Calculation of an unsteady turbulent flow field in the entire flow channel during design operation was carried out using the DES turbulence model and two-way iterative FSI method. Analysis of spatial distribution features of transient velocity, pressure, and streamlines was performed, and time and frequency domain analysis of the pressure pulsation of typical measuring points was conducted. A method for identifying the fluid pressure pulsation transmission path was proposed using the self-programming code in MATLAB software based on the time-delayed transfer entropy method and wavelet theory. The effects of the traditional transfer entropy method and the method proposed in this paper on identifying the fluid pressure pulsation transmission path were studied and compared, and the pressure pulsation transmission law in the entire channel through the Francis turbine was revealed. The proposed methodology was applied to the pulsation transmission analysis of a Francis turbine operating at the BEP in this study. For other types of turbine operating at extreme load ranges, the proposed methodology is also applicable, but the identified results may not always be the same. The main conclusions are as follows:
(1) Unsteady flow features in the spiral casing, vaneless region, and draft tube were analyzed based on FSI calculation in design operation. The velocity and pressure in the spiral casing and vaneless region rendered symmetrical distribution in the circumference. Pressure gradually decreased with the increasing velocity as water flowed into the high-speed rotating runner. Smaller velocity and higher pressure occurred at the outer side of the elbow, and larger velocity and lower pressure occurred at the inner side. In the diffuser section of the draft tube, distribution of velocity and pressure was more uniform. The overall pressure transition was smooth without obvious sudden changes, and the streamline distribution was continuous. Frequency analysis of the pressure of the measuring points showed that the first main frequency was the multiple times blades passing frequency, so the main hydraulic vibration source was the blades' rotation. (2) The transmission path of the pressure pulsation in the flow channel was identified based on the time-delayed transfer entropy and wavelet transform method using MATLAB software. The pressure pulsation in the components downstream the high-speed rotating runner propagated along the flow direction, which was clear and easy to identify using time-delayed transfer entropy. For the fluid flow upstream the turbine, the pressure transmission path was more complicated to identify, since the pressure propagated against the flow direction. The wavelet transform method was used to extract the time-varying pressure in terms of the characteristic frequency, and the pressure pulsation transmission law was obtained in which the axisymmetric small-disturbance standing waves transmitted from runner to upstream and downstream, respectively, which illustrates the type of draft tube and the connection with the runner are critical to the design of the hydraulic turbine, as well as verifying the rationality of using time-delayed transfer entropy and the wavelet transform method to identify the transmission path.
In summary, it is flexible and practical to use time-delayed transfer entropy for identification of the pressure pulsation transmission path, which provides a novel idea for analyzing the hydraulic vibration transmission path in the structure of the hydropower house and lays a firm basis for exploring the coupled vibration of the unsteady flow and hydropower house. However, this research mainly focused on the operation of Francis turbine at the BEP. Extreme load ranges such as part load condition and transient load variations during operations of the Francis turbine are more relevant for actual requirements in the energy market and will be our future focus.
